The main purpose of the systemic energy metabolism is to provide a source of energy, mainly glucose, for the brain; therefore, blood glucose levels would be expected to correlate with exercise performance. The individual training status may also affect the blood glucose levels. The aim of the present study was to assess the association between blood glucose levels and running velocity during prolonged running in athletes with different training statuses. Two female college athletes, a triathlete and a tennis player, ran a course that was 247.4 m in circumference for 5 h while wearing a continuous glucose monitoring system. Blood was obtained at time-points of -1, 1, 3 and 5 h. The athletes had free access to food and fluids throughout the run. The athletes ran at almost the same pace without a sudden decrease in pace. The blood glucose levels increased and remained high in the triathlete, whereas the tennis player remained hypoglycemic throughout the run. Carbohydrate ingestion did not affect the blood glucose levels. The magnitude of hormonal changes, e.g. insulin, adrenaline and cortisol, was greater in the tennis player. The blood glucose concentration did not correlate with the running velocity or the carbohydrate ingestion; however, a discrepancy in blood glucose transition was observed between the triathlete and the tennis player, indicating a possible association between the adaptation to endurance exercise and the blood glucose kinetics during prolonged running.
Introduction
The major purpose of the systemic energy metabolism is to provide an energy source for the brain. The brain mainly utilizes glucose and, if available, ketone bodies and lactate (1) . During prolonged exercise, muscles use intramuscular glycogen and triacylglycerol (TG), as well as circulating fuel sources. The muscle takes up glucose, fatty acids, ketone bodies and potentially TG from the circulation (2, 3) . Carbohydrate is the primary preferential substrate for muscle, whereas the priority can be changed to lipid under exercise (4) .
The pace of marathon runners can sometimes abruptly decrease after ~30 km, as the runners are struck by a sudden feeling of exhaustion. This is called 'hitting the wall' and it is explained as the depletion of intramuscular glycogen stores and the absence of a suitable energy source in the circulation (5) . Sengoku et al (6) described an individual who ran a 100-km marathon while wearing a continuous glucose monitoring system (CGMS). The runner maintained a constant pace of 11-12 km/h for 60 km but dropped the pace to 6 km/h for the next 30 km. The kinetics of the blood glucose concentration were synchronized with running velocity, being ~5.5 mM up to 60 km and ~3.3 mM during the next 30 km (6) . A recent report by the same author (7), however, described two cases showing discordance between blood glucose and running velocity.
Plasma glucose contributes ~10% of the energy expenditure during exercise with intensity ranging between 25 and 85% of maximum oxygen uptake (VO 2 max) (8); however, the difference in the adaptation to endurance exercise could affect muscle glucose consumption. Coggan et al (9) reported that 12 weeks of training lowered plasma glucose utilization Different training status may alter the continuous blood glucose kinetics in self-paced endurance running from 21 to 15% of total energy expenditure during 90-120 min of exercise. Another study (10) found that trained athletes oxidized only 5% of the total blood glucose as an energy source during exercise at 65% VO 2 max intensity for 60 min, whereas untrained individuals required 23% of the blood glucose under the same conditions. The association among blood glucose levels, running performance and training status has, therefore, not been clarified. In addition, the continuous glucose transition during prolonged running with the kinetics of hematological and biochemical indices in healthy individuals has, to the best of our knowledge, not been reported. Therefore, in the present study, two athletes with different training statuses were monitored running for 5 h wearing a CGMS.
Materials and methods
Subjects. Two healthy female college athletes participated in the present study. Athlete A was a triathlete (age, 21 years; height, 166 cm; weight, 62 kg; VO 2 max, 59.6 ml/kg/min) and athlete B was a tennis player (age, 21 years; height, 169 cm; weight, 58 kg; VO 2 max, 42.1 ml/kg/min). Both received detailed information about the purpose, methods, expected results and ethical considerations, including possible adverse effects, relevant to the study, and both athletes provided written informed consent to participate in the study. The athletes ate dinner as usual, slept for ≥5 h on the day prior to the experiment and then ate breakfast and arrived at the site of the experiment by 09:30 the following morning.
Study design. The athletes participated for 6 h in the First Japan 24 h Indoor Ultramarathon Race (Tokyo, Japan) on December 17, 2011, which comprised running around a circular course with a circumference of 247.4 m. The athletes ran from 11:00 to 16:00 at their own pace, aiming to maintain their heart rates between 140 and 180 bpm with reference to an RS800CX heart-rate monitor (Polar, Kempele, Finland); however heart rate data were not available for athlete B as the start button was not pressed. Food and fluids were freely provided by the race organizer throughout the event. The energy and carbohydrate intake was calculated using a food composition database (11) , which gave the following results: Subject A, 940.2 kcal (including 88.1 g carbohydrate); and subject B, 1,006.1 kcal (including 137.2 g carbohydrate) (Table I) . Athletes A and B ran 43.048 and 34.141 km, respectively. The running velocity was calculated by lap time (Fig. 1 ). The estimated oxygen uptake at the average velocity of the initial 57 min, 10.3 km/h, was 34.8 ml/kg/min according to the table provided by Cooper (12) . Thus, the exercise intensity for the initial 1 h was estimated to be 58.4 and 82.7% VO 2 max for athletes A and B, respectively. During the race, the athletes wore a Minimed CGMS-Gold ® (Medtronic, Tokyo, Japan) with the glucose sensor positioned subcutaneously ~20 cm lateral to the hilum. Blood was collected 1 h before and 1, 3 and 5 h after starting the race. The Ethics Committee of Juntendo University (Inzai, Chiba) approved the study protocol (Jundai SuRin no. 23-24).
Analysis. Serum albumin, insulin, glucagon, catecholamine, adrenocorticotropic hormone (ACTH), arginine vasopressin (AVP), cortisol, TG, non-esterified fatty acid (NEFA), acetoacetic acid and 3-hydroxybutyric acid (3-HB) were analyzed at an authorized clinical laboratory (SRL, Inc., Tokyo, Japan) using the methods and reagents described below. Albumin was assayed by bromocresol purple dye-binding assay using Pureauto ® S ALB reagent (Sekisui Medical, Tokyo, Japan). Insulin, ACTH, cortisol and testosterone were assayed by electrochemiluminescence immunoassay using Lumipulse ® Presto ® for insulin (Fujirebio, Tokyo, Japan) and ECLusys reagents for ACTH, cortisol and testosterone (Roche Diagnostics, Mannheim, Germany). Glucagon and AVP were analyzed by double-antibody radioimmunoassay (RIA) using the Millipore glucagon RIA (Merck Millipore, Darmstadt, Germany) and AVP RIA Mitsubishi (Mitsubishi Chemical Corp., Tokyo, Japan) kits, respectively. Catecholamines (adrenaline, noradrenaline and dopamine) were measured by high-performance liquid chromatography. TG and NEFAs were analyzed using PureAutoS TG-N reagent (Sekisui Medical) and an NEFA-SS Eiken kit (Eiken Chemical, Tokyo, Japan), respectively. Total ketone bodies and 3-HB were measured by the Kainos ® reagents for total ketone bodies and 3-HB (Kainos Laboratories, Inc., Tokyo, Japan), respectively. The acetoacetic acid level was calculated as the difference between the measurements for total ketone bodies and 3-HB. Plasma amino acids were determined according to the method of Bidlingmeyer et al (13) with slight modifications (14) .
Results
Blood glucose. Blood glucose levels in athlete A increased to ~10 mM soon into the run and then gradually decreased, but remained >5.5 mM throughout the run. By contrast, the blood glucose levels in athlete B fell to 3.6 mM during the run and then gradually increased, although without reaching the pre-run level (Fig. 1) . Athlete B ingested more carbohydrates than athlete A during the run (Table I) . The timing and amount of the carbohydrate did not directly reflect the blood glucose level (Fig. 1) .
Biochemical parameters. Plasma glucagon, ACTH, AVP, adrenaline, noradrenaline and dopamine levels increased during the run in both athletes, although their magnitude and kinetics differed between the athletes (Table II) . Adrenaline in athlete A rose by 2.9-fold (from 29 to 81 pg/ml), and by 14.8-fold (from 16 to 236 pg/ml) in athlete B. Noradrenaline increased by 1.6-fold (from 478 to 756 pg/ml) in athlete A and 2.5-fold (from 422 to 1,053 pg/ml) in athlete B. ACTH reached a peak at 1 h in athlete B, and at 5 h in athlete A. AVP reached a peak at 5 h in athlete A, and at 3 h in athlete B. In addition, it was found that the total plasma amino acids during the first 3 h increased in athlete A but decreased in athlete B; thereafter, the levels decreased in athlete A and increased in athlete B. This inconsistency was mainly due to differences in levels of non-essential amino acids (NEAAs) during the first 3 h and in essential amino acids (EAAs) over the next 2 h (Table III) .
Discussion
The two athletes ran >30 km, at the same pace in the initial 1 h; however, the blood glucose levels were notably different between them. The blood glucose concentration of athlete B decreased to a minimum of 3.6 mM at 12:48 and then recovered gradually. By contrast, the running velocity of athlete B was maintained at ~10 km/h until the first break for blood collection at noon, and then gradually decreased following the restart with periodical valleys (Fig. 1) . In athlete A, however, the blood glucose levels increased from the start of the run to 9.8 mM by 11:45, and then gradually decreased, although they remained higher than the pre-run blood glucose level. These kinetics did not reflect the running velocities of the two athletes. Carbohydrate intake during the run did not appear to affect the blood glucose concentrations. Athletes A and B ingested 88.1 and 137.2 g carbohydrate, respectively, but their glucose levels did not simultaneously increase. This was in agreement with the report by Sengoku et al (7) .
In athlete B, the blood glucose concentration stopped falling and recovered after 3 h of running. Simultaneously, the EAA levels increased, with the increase exceeding the decrease in NEAAs to elevate the levels of total amino acids. EAAs cannot be endogenously syntheized and thus the increase should indicate extensive protein breakdown. Ezaki et al (15) reported that the increase in plasma EAAs occurred via hepatic autophagy to maintain blood glucose in starved mice. The same autophagy could be suggested in athlete B.
In athlete B, the insulin concentrations were higher than those in athlete A throughout the experiment. The initial level may have been due to breakfast, since the diet was not controlled or recorded by the first blood collection. This may account for the initial decrease in the blood glucose; however, the insulin-to-glucagon ratio was higher in athlete A than that in athlete B during the running. Thus, the insulin levels alone could not account for the hypoglycemia in athlete B.
The changes in ACTH, cortisol, catecholamines and glucagon appeared to promote glycolysis to release glucose in the circulation, although the effect was not distinctively shown in the blood glucose levels. The magnitude of the change in these hormones was greater in athlete B, which may have been due to the training status: Athlete A, a triathlete, may have been more adapted to endurance running.
It was expected that the blood glucose concentration would correlate with the running velocity and carbohydrate ingestion, but that was not proven. However, a discrepancy in the blood glucose transition was observed between the triathlete and the tennis player, indicating a possible association between the adaptation to endurance exercise and the blood glucose kinetics during prolonged running. Despite this, further study is warranted to clarify the association between training status and glucose kinetics, as the number of subjects studied was collection. Part of this study was presented at the 67th Annual Meeting of the Japanese Society of Physical Fitness and Sports Medicine, September [14] [15] [16] 2012 in Gifu, Japan. The present study was funded by Juntendo University (grant no. 1508-048).
